neurosurgical focus
the inferior view is limited by the palate 37 and the endonasal approach is linked to mucus crusting 10 and sinusitis. 39 In addition, the lacerum and paraclival (cavernous) segments of the internal carotid artery, as well as the hypoglossal nerves, serve as the lateral boundaries for the endonasal approach to the clivus and the CVJ, posing an additional risk when utilizing this corridor. Also, transient velopharyngeal incompetence, tracheostomy, and gastrostomy 32 have been described for the endonasal approach to the CVJ, though this study was early in the evolution of approach.
Alternatively, an endoscopic transoral approach to decompress CVJ pathology has been described. 11, 34, 36 This approach avoids the destruction of the nasal cavity and postoperative crusting of the endonasal approach, while affording a surgical corridor that can reach below the palatal line. The ideal surgical approach for lesions affecting the CVJ remains unclear and is left to surgeon preference.
In contrast to the transnasal approach, the endoscopic transoral approach involves a shorter working distance to the CVJ. The transoral endoscopic approach is not restricted by the nasal cavity, pterygoid plates, and palate (which are associated with the endonasal approach) while sparing the potential morbidity associated with extensive softtissue dissection (which is associated with the endonasal approach) or palatal splitting and mandibulotomy (which are associated with the microscopic transoral approach). Additionally, the endoscopic transoral approach has been shown to have a significantly larger working corridor than that afforded by the microscopic transoral approach. 34 Still, there are concerns regarding the extent of visualization afforded by the endoscopic transoral approach that may be limiting its widespread adoption: namely, the maximum extent of superior reach is unknown.
Thus, quantification of the approach afforded by the endoscopic transoral approach may identify the range of its applicability for CVJ pathology. In the present study, we measure the surgical corridor of the endoscopic transoral approach in cadaveric specimens and provide an example clinical case with video to demonstrate utilization of the procedure for appropriately selected CVJ pathology.
Methods
To assess the working corridor provided by the endoscopic transoral approach, we first carried out an anatomical study to measure the working corridor of the endoscopic transoral approach using CT-based image guidance in cadaveric specimens, followed by a surgical simulation to visualize the relevant anatomical landmarks. We also provide a video presentation of a clinical case to demonstrate the technique.
Cadaveric Assessment
Ten human heads were prepared for surgical simulation using our neurosurgical embalming method.
2 A highresolution CT scan was obtained of each cadaveric head. These images were uploaded into a neuronavigation system (NAV3i Navigation Platform, Stryker).
We registered each head for neuronavigation by using a facial mask or fiducials. After checking for accuracy, we referenced the neuronavigation tools. Anatomical landmarks were defined, and the anatomy reached by a straight neuronavigation wand was measured.
The endoscope was introduced into the oral cavity after retracting the mouth wide open and depressing the tongue. After exploring the oropharynx, the uvula was gently pushed superiorly. Next, the endoscope was introduced into the nasal cavity, and the uvula was identified. A 3-0 silk stitch was passed to the base of the uvula and used to pull the uvula superiorly and retract the soft palate. Subsequently, the endoscope was passed through the oral cavity, and the upper oropharynx and lower nasopharynx were inspected. The navigation probe was introduced into the field, and measurements were obtained from the navigation software. The soft tissue was not divided.
Measurements were made relative to the palatal line. The palatal line is a line drawn along the floor of the nasal cavity, extending from the premaxilla parallel to the hard palate at the CVJ (Fig. 1A) . 12 The built-in linear measurement tool was used to measure the superior and inferior extents of view in the midline sagittal plane. Figure 1A and B demonstrates the planes used for both the superior and inferior measurements. The superolateral extent was measured relative to the midline, as defined by the nasal process of the maxilla. Figure 1C demonstrates the plane used for superolateral measurement. The height of the clivus, odontoid tip, and superior aspect of the C-1 arch were also measured relative to the palatal line. The measurements are presented in millimeters ± 1 standard deviation.
In 1 specimen, a complete endoscopic endonasal transclival approach was first performed, preserving the CVJ and atlas. The endoscopic transoral approach was then performed to visually compare the final intradural and spinal exposures (Fig. 1D) .
After the variables were measured, all data were compiled onto a spreadsheet. MATLAB (MathWorks) was used for the descriptive statistical analyses.
Clinical Case
We present the case of a patient with a C1-2 retrodental pannus causing ventral spinal cord compression who underwent an endoscopic transoral approach for CVJ decompression. Endoscopic navigation was performed using a 0° rigid endoscope (high-definition 1488 camera, Stryker Endoscopy). A video is provided (Video 1). 
Results
A primary concern involving the endoscopic transoral approach is its superior extent of reach into the posterior pharynx. In our cadaveric specimens, the mean superior reach of the navigation probe using the endoscopic transoral route was 19.1 ± 6.0 mm above the palate line (range 11.1-27.7 mm).
The mean inferior reach of the probe using the endoscope was 34.6 ± 7.8 mm below the palatal line (range 22.2-46.4 mm). The superolateral reach of the approach was 15.5 ± 4.5 mm to the right of the midline (range 9.6-23.7 mm) and 16.7 ± 5.8 mm to the left of the midline (range 8.1-26.7 mm). We referenced the neuronavigation tool to simulate an endoscope. The neuronavigation tool was able to reach the CVJ in all specimens (n = 10; 100%). The trajectory allowed adequate exposure for simulated odontoidectomy.
The measurements obtained between the palatal line and the odontoid process, clivus, and the superior aspect of the C-1 arch are presented in Table 1 .
Clinical Case

History and Examination
The patient is a 58-year-old woman with a large retrodental pannus causing cervical stenosis and myelopathy ( Fig. 2A) . She initially presented with gait difficulty and right upper-extremity numbness. For these symptoms, she had previously undergone a C1-6 laminectomy and posterior fusion 6 months earlier (Fig. 2B) . A postoperative MR image revealed interval growth in her C-2 pannus ( Fig. 2C and D ). An endoscopic transoral odontoidectomy was performed for decompression and pathological diagnosis because of a concern for a malignant and infectious etiology.
Operation
An endoscopic transoral approach was used to decompress the patient's CVJ. The endotracheal tube was placed in the midline of the mouth. The patient was positioned supine, and her head was pinned in a Mayfield headholder. The patient was positioned so that her feet were toward the anesthesiologist. The surgeon stood to the left of the patient, while the assistant holding the endoscope stood to the right of the patient. The scrub nurse stood to the left
FIg. 1. A-C:
CT-based image guidance was used to obtain quantitative measurements of the superior extent (A), inferior extent (B), and superolateral extent of the working corridor in the endoscopic transoral approach (C). D: In this specimen, the complete endoscopic endonasal transclival approach was performed, preserving the CVJ and atlas. The endoscopic transoral approach was then performed to visually compare the final intradural and spinal exposures. The trajectory of the neuronavigation probe demonstrates the superior extent of the endoscopic transoral corridor in this specimen. BVJ = basilar-vertebral artery junction; C1 = anterior tubercle of the C-1 arch; Nav = navigation probe; OC = occipital condyles; PL = palatal line. of the patient. Figure 3 demonstrates the operating room setup for the endoscopic transoral approach. 31 Clindamycin (600 mg) was administered, and dexamethasone was given to decrease airway edema. Somatosensory and motor evoked potentials were used, and preoperative baseline studies were obtained. As the patient already underwent C1-6 instrumented posterior spinal fusion, cranial traction was not placed. The mouth and face were prepared and draped. Brainlab neuronavigation was registered. A Spetzler-Sonntag oral retractor system was used to open the patient's jaw, with care taken to place the tongue underneath the tongue blade of the retractor while avoiding trapping the tongue against the teeth (Fig. 4) . The oral cavity was injected with 1 ml of 1% lidocaine in each greater palatine foramen. Anesthesia aided a wide mandibular opening by creating a temporary neuromuscular blockade.
The endoscope was used for the remainder of the case (Video 1).
To maximize the exposure afforded by the endoscopic transoral approach while avoiding splitting of the palate, we placed a 0 silk suture into the uvula and pulled this suture up through the nostril to elevate the soft palate for the duration of the procedure (Fig. 5A and B) . The Spetzler-Sonntag retractor was then reapplied, ensuring that the uvula was retracted superiorly. This is a key element of the procedure, as the upper portion of the posterior pharynx is visualized without disruption of the soft and/or hard palate. This is beneficial for several reasons: this prevents secretions from running into the future incision and avoids morbidity, such as dysphonia or nasopharyngeal insufficiency, associated with soft-palate dissection. The retractor, in conjunction with the elevation of the uvula, provides a large exposure of the posterior pharyngeal area (Fig. 5C) .
After injection of the posterior pharynx with 1% lidocaine with epinephrine, neuronavigation was used to identify the area of the posterior pharyngeal wall overlying the odontoid process and C-1 arch.
Under endoscopic visualization, a 2-cm incision was made overlying the midline C-1 arch. Care was taken to minimize the extent of the incision, taking into account that the incision would be further expanded by subsequent retraction. This incision was taken through the posterosuperior pharyngeal constrictor muscle in the midline.
A Crockard self-retaining retractor was placed (Fig. 5D ). Once the retractor was placed, care was taken throughout the remainder of the procedure to avoid making contact with the oral cavity aside from the incision.
The soft tissue of the posterior pharynx was dissected to isolate the C-1 arch using monopolar electrocautery and a subperiosteal technique. Isolation and skeletonization of the C-1 arch was confirmed with neuronavigation ( Fig.  6A) .
A drill was used to remove the anterior arch of C-1 (Fig. 6B) . Using the endoscope, gross visualization of the patient's prior C-1 lateral mass screws marked the lateral extent of the resection of the C-1 arch. Neuronavigation was used to ensure normal vertebral artery anatomy in the foramen transversarium of C-1 and C-2.
We then used the drill to remove the dens and the superior aspect of the C-2 vertebral body in a "top-down" method. 31 This method entails the primary detachment of the apical and alar ligaments at the superior aspect of the odontoid with an angled curette or Kerrison rongeur. This method assures that the ligaments do not act as a tether, preventing the removal of the odontoid tip as in a "bottomup" approach.
The odontoid process was removed using the eggshell drilling technique while maintaining visualization with an endoscope (Video 1).
This dissection was continued dorsally until the transverse fibers of the transverse ligament were identified (Fig.  6C) .
The transverse ligament was dissected from the underlying pannus using a combination of a blunt nerve hook and a Kerrison punch. The pannus was then visualized. The goal of the decompression was to biopsy the lesion and debulk it. Several studies show that spontaneous resorption of the pannus is possible after posterior spinal instrumented fusion alone, so complete pannus removal is usually not needed. 17, 45 Once an adequate decompression was achieved, we confirmed there were no remaining portions of the dens using neuronavigation (Fig. 6D) . We used the endoscope to visualize superiorly toward the clivus.
Tissue from the pannus was sent for pathological analysis and demonstrated pseudogout (calcium pyrophosphate deposition disease).
Hemostasis was achieved using bipolar cautery. The wound was closed in layers (deep layer muscles of the longus and mucosa) using 3-0 Vicryl.
Discussion
This study demonstrates that the endoscopic transoral approach reliably accesses the CVJ. In all 10 cadaveric specimens, a comfortable working corridor was established around the CVJ, allowing for simulated odontoidectomy. In fact, the applicability of the endoscopic transoral approach may be wider than previously reported. 3 Burke et al. 3 suggest that the approach may be used in isolation for lesions greater than 1 cm below the palatal line. Furthermore, they suggest that a combined endoscopic transoral/transnasal approach may be used for lesions up to 1 cm above the palatal line. In our study, we find that the approach affords visualization up to 2 cm above the palatal line. Though it is not clear that we have control to operate at that height, we should be able to operate comfortably below it (i.e., around 1 cm above the palatal line). Higher lesions may be accessible, but may require augmentation with a transnasal approach. As the oral approach avoids significant morbidity, it may be the preferred approach for lesions centered about the CVJ.
This minimum superior visualization in our study also lends support to the endoscopic approach classification system proposed by the El-Sayed Staging System. 3 To aid in surgical endoscopic approach selection, El-Sayed et al. introduced a staging system involving radiographic measurements of the CVJ as referenced to the palatal line, which is a line drawn along the floor of the nasal cavity extending through the premaxilla parallel to the hard palate at the CVJ. 3, 12 In their study, it is suggested that surgical targets lying more than 1 cm above the palatal line should be treated using the endoscopic transnasal approach alone. Lesions lying between 1 cm above and 1 cm below the palatal line should use the combined endoscopic transnasal/transoral approach. Lesions more than 1 cm below the palatal line should use the endoscopic transoral approach alone (Table 2) . In other words, according to the El-Sayed Staging System, the endoscopic transoral approach should not be used only in the instance that the CVJ lesion is located more than 1 cm above the palatal line. Still, the validity of this staging system has not been well studied.
In our study, the support for the system is 2-fold. First, the superior visualization was a mean 2 cm above the palatal line from the transoral approach. This should afford the passage of surgical instruments below that level (namely, at 1 cm above the palatal line as described by the El-Sayed Staging System). Second, it appears that it is uncommon for a CVJ lesion to be located more than 1 cm above the palatal line. Taken together, the endoscopic transoral approach may be able to reach the majority of lesions centered at the CVJ.
It is true that there is a wide distribution of CVJ locations relative to the palatal line. As demonstrated in our study, the range of the odontoid tip, C-1 arch, and clivus, relative to the palatal line, spanned 8.6 mm, 5.8 mm, and 8.8 mm, respectively. This is consistent with a previous study that demonstrates the wide variability in CVJ locations. In a study on the anatomical variance of the CVJ, Burke et al. demonstrated that the CVJ is a "moving target," with two-thirds of patients having a CVJ positioned below the palatal line, 56% having a CVJ within 1 cm of the palatal line, and only 7% having a CVJ more than 1 cm below the palatal line.
3 Twenty-seven percent of their group had a CVJ above the palatal line, but none were greater than 1 cm above the palatal line. Likewise, none of our specimens demonstrated a CVJ more than 1 cm above the palatal line. Furthermore, as the minimum superior reach afforded by our study was 1.1 cm above the palatal line, the wide applicability and potential underutilization of the endoscopic transoral approach is supported.
Aside from feasibility, surgical approach selection necessitates the avoidance of morbidity. The oropharynx provides a wide surgical corridor that avoids the dissection of the endoscopic transnasal approach. In the expanded endonasal approach, the small nasal corridor necessitates septectomy and sphenoidectomy, as well as the possible exposure of the paraclival and lacerum segments of the internal carotid artery for an adequate working corridor for surgical instruments. These dissections are associated with mucus crusting and sinusitis. 10, 39 In the traditional transoral approach, a palate split is required, but it associated with velopharyngeal insufficiency. 7, 21, 35, 40 Still, other modifications involve mandibulotomy with or without glossotomy in order to reach down to C-3. The endoscopic transoral approach avoids these dissections and is associated with low morbidity.
Despite the advantages described, the endoscopic transoral approach is not appropriate for all patients. Patients with smaller oral cavities may not have a corridor sufficient in size to accommodate the passing of instrumentation or the oral retractor system. We have found that collaboration with otolaryngologists is helpful for exposure and closure of the endoscopic transoral procedures. Centers without available otolaryngologists may have more difficulty with the approach, especially during the adoption of the technique (i.e., the learning curve). Lastly, although not presented here, there are patients with lesions that may be located very high above the palatal line (i.e., > 1 cm) or very low below the palatal line. For these lesions, the expanded endonasal approach and endoscopic transcervical 9,41 approaches may be more appropriate. It remains important to realize that a variety of CVJ lesions, such as the rheumatoid pannus presented here, are not directly localized to the odontoid tip. CVJ lesions that involve a greater portion of cephalad structures above, or pathology that results in elevation of the CVJ (e.g., platybasia 12 ), may not be approachable by the endoscopic transoral approach alone.
Several limitations of the study exist. First, the cadaveric specimens were fixed, limiting mobility of the mandible. In a patient, the mandible would not only be more mobile, but neuromuscular blockade can be used to further open the jaw, thereby enhancing the reach afforded by the endoscopic transoral approach. As such, the present measurement-namely, the 2-cm superior visualization of the approach above the palatal line-may underestimate superior access. In other words, the extent of visualization of the approach may be even greater than stated here, allowing for even higher CVJ pathologies to be reached by the endoscopic transoral approach. On the other hand, the measurements were conducted by a neuronavigational probe tip. This may not approximate the surgical freedom and surgical window area necessary for the utilization of surgical instruments, such as the drill, during odontoidectomy.
Conclusions
The endoscopic transoral approach can reliably access the CVJ. This approach avoids the dissection and morbidity associated with a palate-splitting technique (velopharyngeal insufficiency) and an expanded endonasal approach (mucus crusting, sinusitis, and potential lacerum or cavernous-paraclival internal carotid artery injury). For appropriately selected lesions near the palatal line, the endoscopic transoral approach appears to be the preferred approach. 
